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Nonreflection seismic and inversion of surface and guided waves

Surface-wave interferometry on local scale usually aims 
at recovering Rayleigh waves. This is because of the 

predominant use of vertical component geophones in 
exploration seismology and the fact that Rayleigh waves 
occur for any given subsurface structure. On the other hand, 
Love waves are present only in layered media and require 
horizontal component geophones for their observation. As 
they depend on shear-wave velocity structure and density 
only, the analysis of Love waves provides a potentially 
powerful supplement to Rayleigh wave inversion. Perhaps 
surprisingly, recent studies show that 
low-frequency Love waves (0.05–0.1 
Hz) excited by the interaction of 
ocean waves with the ocean floor 
(the Earth’s microseism) can be 
recovered by interferometry, and 
that their S/N is high compared to 
Rayleigh waves (Lin et al., 2008). 
On a regional scale, Jay et al. (2012) 
analyzed the ambient noise field in 
a volcanic region and found that 
Love waves with frequencies of about 
0.3 Hz are observed more clearly 
than corresponding Rayleigh waves. 
In this article, we show that Love 
waves in the frequency band of 1.5 
to 5 Hz can be obtained from local 
noise interferometry, and that they 
are of comparable S/N as Rayleigh 
waves. Thus they may also be used to 
constrain the near-surface structure.

Love waves in a nutshell
Love waves are horizontally polar-
ized because they result from interac-
tion of shear (SH) waves. As opposed 
to Rayleigh waves, Love waves exist 
in layered media only. For the one-
layer case, the Love wave represents 
the superposition of multiply, criti-
cally reflected downgoing SH waves 
from the bottom of the layer (e.g., 
Stein and Wysession, 2003). The lay-
er of a thickness H is then considered 
as a wave guide and the Love-wave 
velocity cL is inbetween the shear-
wave velocities of the layer and the 
half-space (Figure 1). In contrast, 
Rayleigh-wave velocities are always 
less than the layers shear-wave ve-
locity. The dispersion relation shows 
that Love-wave velocities at low fre-
quencies tend toward the half-space 
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velocity 2, while observations at high frequencies give the 
layer velocity 1. Equation 1 relates the Love-wave velocity 
cL to its frequency f, layer thickness H, layer and half-space 
shear-wave velocities 1, 2, and densities 1, 2:

         (1)

Figure 1. Love-wave phase velocity as a function of frequency and layer thickness H for a layer-
over-half-space model (dispersion relation).  and  refer to shear-wave velocity and density, 
and ic is the critical angle. The shown raypath is not the actual raypath of the Love wave, but 
schematically describes critically reflected SH waves. The dashed gray line is the wavefront of the 
downgoing SH waves which interfere to constitute the Love wave at the surface point P.

Figure 2. The deployment of the La Barge Passive Seismic Experiment in southwestern Wyoming. 
White dots indicate locations of three-component instruments. The black line represents the state 
road contributing dominantly to the ambient noise. The Hogsback thrust is the main structural 
feature and separates carbonate outcrops in the west from siltstones and sandstones in the east.
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densities, also the layer thickness. Eslick et al. (2008) 
examine the constraints on the subsurface settings and re-
cording parameters for successful retrieval of Love-wave dis-
persion. In case of several layers, the shear-wave velocities of 
the layers can be determined analogously to Rayleigh waves 
(Xia et al., 2009). From a practical point of view, it is inter-
esting to note that even for the one-layer case the dispersion 

relation is highly nonlinear and a so-
lution for Love-wave velocity must 
be determined numerically. Solu-
tions for multilayer-models and later-
ally varying layer thicknesses require 
more computational effort (e.g., Ben-
Hador and Buchen, 1999). On the 
other hand, the nonlinearity of the 
dispersion relation can be employed 
to impose constraints on shear waves, 
densities, and layer thickness, pro-
vided the Love-wave velocity can be 
reliably observed over an appreciable 
frequency range.

Data and interferometric processing
The La Barge Seismic Experiment 
is a industry-academia cooperation 
aiming at evaluating the feasibility of 
passive seismology for local subsur-
face characterization (Saltzer et al., 
2011). From November 2008 to June 
2009, 55 3C broadband stations were 
deployed at a spacing of 250 m in an 
active hydrocarbon production site 
in southwestern Wyoming (Figure 
2). The continuous recordings and 
the small aperture of the array make 
the data set well suited for local inter-
ferometry analyses. Previous investi-
gations (Behm et al., accepted) show 
that both Rayleigh- and Love-wave 
velocity information are obtained 
from traffic noise originating from a 
state road. We first summarize their 
approach and their most important 
findings, and then discuss the Love 
waves in more detail.

Each of the stations is turned into 
a virtual source by correlating its am-
bient noise recording with the am-
bient noise recording of every other 
station. It turns out that five days of 
continuous noise data are sufficient 
to recover surface waves travelling be-
tween the stations up to distances of 5 
km. Analysis further shows that traf-
fic activity from the Wyoming state 
road 235 in the eastern part of the 
deployment provides the main source 

Equation 1 illustrates that, opposed to Rayleigh waves, Love-
wave velocities do not depend on compressional-wave veloci-
ties. The use of Love waves thus reduces the ambiguity inher-
ent in inversion for shear-wave structure. If the assumption 
of the one-layer case is well justified, the dispersion relation 
potentially enables us to estimate the shear-wave velocities of 
both the layer and the basement, and by further assuming 

Figure 3. Interferograms for virtual source L17 (red star) and stations L42 to L55 (red dots). 
The lack of causal energy results from the receiver stations being closer to the noise source (WY 
state road 235) than the virtual source. Dashed red lines indicate linear moveouts for velocities of 
1500, 2000, and 2500 m/s. Note the higher apparent phase velocity at the transverse component 
(T) compared to vertical (Z) and radial (R) components. The black rectangle depicts the waveform 
from which the dispersion curve for raypath “A” (Figure 6) is calculated.

Figure 4. Common-offset stacks of Hilbert-transformed interferograms from 530 virtual-source 
receiver combinations in the central part of the investigated area. Note the overall similarity of the 
vertical (Z) and radial (R) components, and the higher apparent group velocity of the transverse 
(T) component data.
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of coherent noise. The location of the road with the respect 
to the deployment ensures a large number of stationary phase 
points such that most interferograms feature clear surface-
wave arrivals with high S/N. Rayleigh waves are polarized in 
the plane defined by the vertical and the propagation direc-
tion, and Love waves are polarized in the horizontal plane 
and perpendicular to the propagation direction. By rotating 
the horizontal components into the radial (virtual source—

Figure 5. Near-surface phase-velocity maps and their ratio as obtained from traveltime 
tomography of vertical and transverse component interferograms (from Behm et al. accepted, 
slightly modified). The arrows (A, B) denote the virtual source-receiver pairs for which dispersion 
curves are shown in Figure 6.

receiver azimuth) and transverse (90° clockwise to the azi-
muth) directions, it is possible to separate Love and Rayleigh 
waves. The slower Rayleigh wave is present on the vertical 
and radial components, and the faster Love wave appears on 
the transverse component (Figure 3). Although of overall 
high S/N, the interferograms are characterized by a limited 
bandwidth peaking at 2.5 Hz, and subsequently a sometimes 
ringy wavelet. The calculation of the envelope (modulus of 

the Hilbert-transformed interfero-
gram) compresses oscillating wavelets 
and improves the delectability of the 
onset of the waves. It is important to 
note that envelope interferograms no 
longer represent phase velocities, but 
group velocities instead. All envelope 
interferograms from the central part 
of the investigated area are further 
stacked in offset bins (Figure 4). Al-
though lateral velocity variations may 
degrade the stacks, these results also 
support the existence of both Ray-
leigh and Love waves. Vertical and 
radial component data appear simi-
lar with respect to apparent velocity 
and maximum offsets (2500–3500 
m), while transverse component data 
feature higher apparent velocity and 
also more consistent arrivals at large 
offsets (3500–5000 m).

Dispersion of surface waves en-
ables us to invert for shear-wave veloc-
ity structure. In exploration seismol-
ogy and near-surface investigations, 
the multichannel analysis of surface 
waves (MASW) is commonly applied 
to obtain Rayleigh-wave phase-veloc-
ity dispersion (Park et al., 1999). The 
relatively low central frequency of the 
obtained traffic noise interferograms 
in conjunction with the station spac-
ing hampers the observation of phase 
velocity dispersion, while the large 
number of clear surface-wave arrivals 
allows inverting picked traveltimes for 
laterally varying group and phase ve-
locities. Vertical component traveltimes 
provide Rayleigh-wave velocities, and 
transverse component traveltimes are 
inverted for Love-wave velocities (Fig-
ure 5). With respect to the wavelength, 
those velocities represent average sur-
face-wave velocities from the upper 
100–300 m. The results correlate well 
with the surface geology as the carbon-
ates west of the Hogsback thrust are 
represented by relatively high velocities. 
Lateral resolution of the velocity maps 

Figure 6. Group velocity dispersion curves obtained from frequency-time analysis for two virtual 
source—receiver pairs (A: L46 > L17; B: L55 > L31). The white curve depicts the maximum 
amplitude at each frequency. Note the overall similarity of the vertical (Z) and radial (R) 
components, and the higher velocity and different appearance of the transverse (T) component. The 
gray bar shows the average phase velocity (Figure 5) along the raypath.
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depends on ray coverage and picking accuracy, and we estimate 
it to range between 500–1000 m.

Group velocity dispersion of Rayleigh and Love waves
In contrast to the MASW method, the relatively sparse dis-
tribution of broadband instruments on continental scale 
led to methods to derive group velocity dispersion between 
station pairs based on the frequency-time analysis (FTAN; 
Dziewonski et al., 1969; Levshin et al., 1989). With this ap-
proach, the surface wave travelling between two stations is 
reconstructed by interferometry. The interferogram is filtered 
in different frequency bands, where each band is defined by 
a Gaussian function of a central frequency and given half-
width. After filtering, the envelope of the trace is calculated. 
By knowing the offset between the two stations, the time 
axis of the trace is converted to velocity and the maximum 
of the envelope is picked for each central frequency. The ob-
tained group velocity dispersion curve can then be inverted 
for a shear-wave velocity-depth function representing the 
region between the stations. If station coverage is dense, a 
tomographic approach for a 3D shear-wave velocity model 
is also feasible. This method has been applied successfully 
to ambient noise from globally distributed earthquakes to 
delineate crustal and mantle structures (e.g., see the overview 
given by Bensen et al., 2007). As with MASW, the inversion 
for shear-wave velocities assumes a layered 1D model. The 
evident lateral variation in the investigated area limits the 

general applicability of the FTAN algorithm, but nonethe-
less we are able to calculate group velocity dispersion curves 
for selected receiver pairs (Figure 6). To minimize the con-
tribution of spurious energy, we mute the interferograms for 
apparent velocities larger than 4000 m/s and less than 1000 
m/s prior to the dispersion analysis. The raypath “A” com-
prises the stations L46 (virtual source) and L17 (receiver) in 
the high-velocity carbonates. As virtual source and receiver 
are interchangeable, the actual surface wave used for the cal-
culation of the dispersion curve is seen in the acausal part of 
Figure 3. In contrast, the raypath “B” connects the stations 
L55 (virtual source) and L31 (receiver) in the low-velocity 
eastern part.

Vertical and radial component dispersion curves appear 
similar with a gentle tendency of lower velocities toward 
higher frequencies, while the dispersion of the transverse 
component with its steep slope toward the low-frequency end 
resembles typical Love-wave dispersion characteristics (com-
pare with Figure 1).

Group velocities UG and phase velocities UP are related by

 .                         (2)

For a given frequency f and realistic velocities, group ve-
locities are less than phase velocities if the phase velocities 
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decrease with frequency (dUp/df < 0) and vice versa. The mag-
nitude of the difference between group and phase velocities 
is inversely proportional to the phase velocity and to the rate 
of change of phase velocity with frequency. The observations 
for ray path “A” qualitatively agree with this general relation 
of phase and group velocities in that sense that group veloci-
ties are less than phase velocities. In case of raypath “B”, the 
group velocities surprisingly appear higher than the phase 
velocities. However, it is noted that raypath “B” crosses the 
region with the strongest lateral variation, representing the 
westward dipping low-angle Hogsback thrust where a gradu-
ally thickening sheet of high-velocity carbonates overthrusts 
low-velocity sediments. This definitely represents a challenge 
to the simplifications inherent to both traveltime inversion 
and dispersion interpretation, and also illustrates limits to 
surface-wave inversion.

Outlook
Our study shows that locally excited Love waves in a typical 
exploration environment and in the frequency range of 1.5–5 
Hz are of comparable, if not higher S/N than Rayleigh waves. 
This frequency range does not necessitate costly broadband 
stations as in our test study, but can be well targeted by low-
frequency geophones more commonly used in exploration 
seismology. With more and more industrial applications rely-
ing on three-component instruments (e.g., seismic monitor-
ing, shear-wave retrieval), the recording and potential use of 
Love waves for subsurface characterization becomes feasible. 
In particular passive seismic deployments are well suited, as 
surface waves can be efficiently recovered from interferom-
etry applied to local ambient noise. Love waves are enticing 
because, compared to Rayleigh waves, they do not depend on 
P-wave velocity and thus reduce the ambiguity in extracting 
shear-wave velocity structure. Near-surface shear-wave veloc-
ity inversion zones might by quickly mapped by the absence 
of Love waves. The complementary information of Rayleigh 
and Love waves provides improved assessment of seismic ve-
locities and densities. Combined dispersion measurements of 
Love and Rayleigh might also be used to constrain lateral 
variations in Earth structure (Levshin and Ratnikova, 1984) 
and seismic anisotropy (Montagner and Nafaf, 1986). In 
case when the near surface is sufficiently described by a one-
layer model, the distinct shape of the Love-wave dispersion 
curve could facilitate to estimate layer and half-space shear-
wave velocities and densities simultaneously. 
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